ABSTRACT: Textile reinforced mortar (TRM) is investigated in this study as a new method for seismic retrofitting of unreinforced masonry (URM) walls through jacketing. In this study, TRM jackets consist of textile meshes made of carbon fiber rovings in two orthogonal directions and mortars -serving as binders -containing polymeric additives. A comprehensive experimental program was carried out on unreinforced masonry wall specimens subjected to cyclic loading which induced in-plane flexure combined with axial force, out-of-plane flexure and in-plane shear with axial force. The walls were strengthened using two-sided jacketing made of TRM materials. The main parameter under investigation was the number of textile layers, but also comparisons were made on the response of TRMstrengthened walls and identical specimens strengthened with FRP (fiber-reinforced polymer) jackets. The results were obtained in terms of load-displacement diagrams as well as stiffness and cumulative energy plots as a function of the loading cycles. By comparing the response of TRM-strengthened specimens with that of control (unreinforced) specimens and FRPstrengthened specimens, it was concluded that TRM jacketing is an extremely effective and promising seismic retrofitting measure for unreinforced masonry.
INTRODUCTION
URM walls have been proven to be prone to failure during high or even moderate intensity earthquakes or high wind pressure, and, therefore, they represent a significant hazard to life. The tremendous and urgent need for upgrading existing URM structures has been addressed through the development of numerous techniques, including the use of metallic or polymerbased grid-reinforced surface coatings, shotcrete overlays, internal or external prestressing with steel ties, externally bonded fiber reinforced polymers (FRP, such as epoxy-bonded strips or in-situ impregnated fabrics) and near-surface mounted (NSM) FRP reinforcement. The first study identified by the authors in the field of masonry strengthening with fiber reinforced mortar was that of [Kol98] . In this study a masonry wall was strengthened with three layers of unidirectional carbon fabric in a polymer-modified cement binder and tested under out-of-plane loading, leading to a considerable increase in strength. Recently, textiles combined with mortars were used by [Fae04] as a means of increasing the strength of tuff masonry wallettes tested in diagonal compression and by [Kre05] and [Nur05] in the form of confining jackets for small scale rectangular column-type specimens tested in uniaxial compression. In this study, for the first time, the authors test masonry walls strengthened on both sides with TRM open jackets (overlays) under both out-of-plane and in-plane cyclic loading conditions, and they compare their efficiency with their FRP counterparts. Additional comparisons are also made with respect to NSM reinforcement. It is noted that the strengthening schemes applied on wall specimens for the purpose of this study were selected in order to provide useful conclusions on the relative performance of TRM versus FRP jackets and were not necessarily meant to account for realistic fiber quantities, which, in real interventions, could be optimized according to the design requirements.
MATERIALS AND SPECIMENS
The investigation was carried out on three types of medium-scale, single-wythe, fired clay brick wallettes composed of running bond courses: (a) Specimen type A (shear walls) measured 1300 mm in height and 800 mm in width ( Fig. 2.1a) ; (b) Specimen type B (beamcolumns) specimens measured 1300 mm in height and 400 mm in width (Fig. 2.1b) ; and (c) Specimen type C (beams) specimens measured 400 mm in height and 1300 mm in width (Fig.  2.1c ). All specimens were constructed in the laboratory by an experienced mason using perforated bricks (185x85x60 mm - Fig. 2.1d) , with the perforations running in parallel to the units' length. For all walls, the first row of bricks was laid on a 10 mm thick horizontal layer of mortar and all joints (bed and head) were approximately 10 mm thick. In order to avoid premature failure due to handling and positioning of the unjacketed specimens (control and strengthened with NSM), a 15 mm thick layer of plaster was applied on their faces (the 28-days compressive strength was approximately equal to 4 MPa). All specimens were constructed using ridge-faced, 6-hole, horizontally perforated clay bricks, supplied by a local manufacturer, and a general purpose masonry cement mortar. The mean compressive strength of the masonry units in directions parallel and perpendicular to the perforations was derived from three compressive tests in each case; the average values obtained were 8.9 MPa and 3.7 MPa for directions parallel and perpendicular to the perforations, respectively. The cement:lime:sand proportions in the mortar used to bind the bricks were roughly 1:2:10 by volume and the water-to-cement ratio was in the order of 0.8 by weight. The flexural and compressive strengths (obtained from flexural and compression tests as per EN 1015-11) were 1.17 MPa and 3.91 MPa, respectively (mean values of all prisms tested).
The mean compressive strength of the walls in directions parallel and perpendicular to the bed joints was measured from three compressive tests in each case, conducted on small wall assemblages (two bricks long by six bricks high), measuring 390x85x420 mm (length x width x height). These masonry prisms were constructed using the same bricks, mortar and bond type as for the rest of the specimens used in the experimental program. It should be noted that all types of wall specimens were constructed and tested during the same time spans. The compression tests were carried out in displacement control mode at a constant loading rate equal to 0.1 mm/sec, using a 4000 kN loading capacity testing machine. Loads were measured from a load cell and displacements were obtained using external linear variable differential transducers (LVDTs) mounted at mid-height. The mean values of the compressive strength, secant modulus of elasticity (at maximum stress) and ultimate strain derived from compressive loading parallel to the bed joints were 4.3 MPa, 1.94 GPa and 0.22%, respectively. The corresponding values of compressive loading perpendicular to the bed joints were 2.0 MPa, 1.70 GPa and 0.12%, respectively. As expected, due to the different strength characteristics of the masonry walls in two orthogonal directions (perpendicular and parallel to the bed joints), the uniaxial strength of the walls in these directions was found to be different. More specifically, failure due to loading parallel to the bed joints was very brittle and resulted due to crushing of the outer brick cells. For loading perpendicular to the bed joints, failure was less sudden than for the previous case and was manifested through vertical cracks running along the height of the walls, crossing the bed joints.
For the specimens receiving externally bonded strengthening, a commercial textile with equal quantity of high-strength carbon fiber rovings in two orthogonal directions was used. The weight of carbon fibers in the textile was 168 g/m 2 and the nominal thickness of each layer (based on the equivalent smeared distribution of fibers) was 0.047 mm. The guaranteed tensile strength of the fibers (as well as of the textile when the nominal thickness is used) in each direction was taken from data sheets of the producer equal to 3350 MPa. The elastic modulus of the fibers was 225 GPa. For the specimens receiving mortar as binding material, a commercial inorganic dry binder was used, consisting of cement and polymers at a ratio 10:1, by weight. The water-to-binder ratio was 0.3 by weight, resulting in plastic consistency and good workability with a retention period of approximately half an hour in ambient temperature (20ºC). The binder's flexural and compressive strengths were 5.77 MPa and 31.36 MPa, respectively. For the specimens receiving adhesive bonding, a commercial structural adhesive (two-part epoxy resin with a mixing ratio 4:1 by weight) was used with a tensile strength of 30 MPa and an elastic modulus of 3.8 GPa (cured for 7 days at 23 o C). For specimens receiving NSM reinforcement, a three-part material was used (epoxy resin suspensions, cement and other cementitious materials) having compressive and flexural strengths (as provided by the producer data sheets) equal to 40 MPa and 9 MPa, respectively. Commercially available tape-like CFRP strips specifically designed for NSM strengthening were used. The strips had a cross section of 2x16 mm and consisted of carbon fibers in a bisphenol epoxy vinyl ester resin matrix. The elastic modulus and volumetric ratio of fibers in the CFRP strips were equal to 225 GPa and 40%, respectively. The guaranteed tensile strength, the elastic modulus and the ultimate strain of the CFRP strips were taken from data sheets of the producer equal to 2070 MPa, 125 GPa and 0.17%, respectively. For the sake of scaling down, each NSM strip was cut in two pieces (along the length) using a thin saw. The resulting strips had a width of 7.5 mm.
All textile layers were applied "as usual", that is, each specimen was first ground at points where mortar was protruding from the brickwork face and brushed clean, then dust and any loose particles were removed with high air pressure and, finally, a standard wet lay-up procedure was followed to bond the textile sheets on both sides of the walls, covering the entire surface of each side. The procedure involved the application of a bonding agent (either epoxy or mortar) on the wall surface (which was dampened for specimens receiving mortar) and the subsequent bonding of the textile by hand and roller pressure. The bonding agent was also applied in between layers and on top of the last textile layer. Application of the mortars was made in approximately 2 mm thick layers with a smooth metal trowel. The textile was pressed slightly into the mortar which protruded through all the perforations between fiber rovings. Of crucial importance in this method, as in the case of epoxy resins, was the application of each mortar layer while the previous one was still in a fresh state. Curing of the bonding agents was achieved under room conditions.
OUT-OF-PLANE LOADING
Two major parameters were considered in this part of the investigation, namely the use of inorganic mortar versus resin-based matrix material for the textile reinforcement and the number of textile layers (one or two layers, applied on both sides). In addition, a small part of this experimental study focused on the use of near-surface mounted CFRP strips which were placed along the bed joints. The specimen types B and C were used so as to assure failure parallel and perpendicular to the bed joints, for the former and the latter, respectively. Specimens are given the notations _F _YN (type B) and _F // _YN (type C), where Y denotes the type of binder used (M for mortar and R for resin) and N denotes the number of layers (1 or 2). The designations C, NSM2 and NSM3 (in place of YN) are used to distinguish the control specimens and the ones receiving two and three NSM strips (per side), respectively. Test results and failure modes are given in Table 3 .1; load versus mid-span displacement hysteresis loops and envelope curves are illustrated in Fig. 3 .1.
All strengthened specimens were subjected to cyclic out-of-plane loading using a stiff steel frame. The walls were laid horizontal (with the bonded surfaces facing upwards and downwards) and were loaded in three-point bending at a span of 1.20 m and 1.15 m for specimens of type A and B, respectively. The test set-up (identical for type B and C specimens), along with typical failure modes, are shown in Fig. 3 .2. The load was applied using a vertically positioned 500 kN MTS actuator. Displacements were measured at midspan using an external rectilinear displacement transducer mounted on one side of the specimen. The load -mid-span displacement and load -piston displacement loops were generated by the system in real time. All strengthened specimens were tested by applying the load in a quasistatic cyclic pattern of controlled displacements at a rate of 0.1 mm/sec. The loading sequence consisted of cycles at a series of progressively increasing displacement amplitudes (amplitude increment being equal to 1 mm) in both directions (push and pull); a single loading cycle was applied for each amplitude level. Control specimens were tested under monotonically applied loading, in a displacement control mode and at the same rate as for strengthened specimens.
For flexural failure along the bed joints, TRM mortar jacketing was extremely effective, outperforming the FRP one. On the basis of strength and deformability, the effectiveness of TRM over FRP (i.e. the ratios of relative capacities) was found to be in the order of 1.2 for strength and on average 2.0 for deformability. For flexural failure normal to the bed joints and when failure is controlled by tensile fracture of the jacket (low reinforcing ratios) the effectiveness of TRM in terms of strength and deformability is slightly less than that of its resin-based counterpart (by approximately 20% and about 15% for strength and displacement at failure, respectively); but if failure occurs in the wall (higher reinforcing ratios), TRM jackets outperform their resin-based counterparts (by 13% and about 40% for strength and displacement at failure, respectively). By comparison of the cumulative dissipated energies of all tested specimens (see Table 1 ), it is concluded that, in general, the energy dissipation capacity of the two strengthening schemes (FRP versus TRM) is comparable. Finally, the comparison of the stiffness versus loading cycles confirms the slightly more compliant behavior of TRM-jacketed masonry versus its FRP counterpart at early stages of deformation; but this behavior reverses at larger deformations, when FRP-strengthened specimens have already failed while their TRM counterparts are still intact. When compared with either mortar-based or cement-based jacketing, NSM-based strengthening (of similar carbon fiber reinforcing ratios) may offer higher deformability, due to controlled debonding, at the expense of reduced strength, energy dissipation and stiffness. At sudden load reduction, or at 80% of the peak load in case of gradual post-peak load reduction. 
IN-PLANE LOADING
In this part of the investigation, all three types of specimens were used (i.e. A, B and C). The parameters under investigation included the matrix material (mortar versus resin), the number of textile layers and the compressive stress level applied to shear walls and beam-columns. Additionally, for type A specimens only, the effectiveness of near surface mounted CFRP strips placed along the bed slots, in comparison to textiles, was also explored. Type A specimens were tested as vertical cantilevers with a concentrated force at the top, at a distance of 1.10 m from the fixed base; type B and C specimens were tested as horizontal beams in three-point bending, at a span of 1.17 m and 1.12 m, respectively. The test arrangement of type B walls aimed at reproducing the in-plane flexure/shear seismic loading of pilasters found in the lower levels of masonry structures, where axial loads may be considerable. Therefore, during cyclic loading of these specimens an axial load was applied to their outer brick rows and kept constant throughout the duration of the test. For type C specimens, the test arrangement intended to simulate in-plane flexure/shear loading typically applied in lintels during seismic excitations. Specimens are given the notation X _S W _YN (type A -i.e. shear wall specimens), X _F_Y (type B specimens) and _S C _YN (type C specimens) where subscript X (if applicable) denotes the axial compressive load level (2.5% or 10% of strength for type A and 10% or 25% of strength for type C specimens), Y denotes the type of binder used (M for mortar and R for resin) and N denotes the number of layers (1 or 2). The designations C and NSM5 (in place of YN) are used to distinguish the control specimens and the ones receiving five near surface mounted reinforcement strips on each side, respectively. Test results and failure modes are given in Table 4 .1; load versus mid-span displacement hysteresis loops and envelope curves are illustrated in Fig. 4 .1.
All specimens were subjected to cyclic in-plane loading using a stiff steel frame, except for the control ones in Series B and C ( 25% _F_C, 10% _F_C and _S C _C) which were tested monotonically. The test set-up for type A specimens (shear walls) is shown in Fig. 4 .2a. In order to ensure uniform load transfer at the top of the walls, a steel capping system was devised. The load was applied using a horizontally positioned 250 kN MTS actuator connected to the capping system. The application of compressive stress corresponding to 10% of compressive strength was achieved using a system of two single-acting, low-height hydraulic cylinders (with a capacity of 120 kN). Each cylinder was clamped through the use of a pair of threaded rods between the capping and the testing frame's base plate. The hydraulic system allowed for the regulation and automated adjustment of the applied pressure to the specified level and its continuous monitoring through a digital pressure gauge. The compressive stress at 2.5% of the masonry strength was exerted by simply stacking and fixing weights on top of the capping. Five external rectilinear displacement transducers were used to measure the walls' horizontal displacements at a distance of 0.20 m, 0.55 m and 0.85 m from the fixed support, as well as to monitor the probable base uplift. The test set-up for type B specimens is shown in Fig. 4 .2b. For the application of the axial load, a hydraulic cylinder identical to the ones used for type A specimens was used in combination with a custom-made confining system comprising a pair of horizontally placed threaded rods. The displacementcontrol loading protocol was applied using a vertically positioned 500 kN MTS actuator and displacements were measured at mid-span using an external rectilinear displacement transducer mounted at specimen mid-height. The test set-up for specimens of type C was practically identical with that of type B, except that no axial load was applied. All specimens, except for the control ones of type B and C, were tested by applying the load in a quasistatic cyclic pattern of controlled displacements at a rate of 0.1 mm/sec (type A) and 0.01 mm/sec (type B and C). The monotonically applied loading was applied at a rate of 0.003 mm/sec. The cyclic loading sequence consisted of cycles at a series of progressively increasing displacement amplitudes in both directions (push and pull). The displacement amplitude increment was 1 mm and a single loading cycle was applied for each amplitude level. All control shear wall specimens and the NSM-strengthened one displayed rocking characteristics as a follow-up of extensive horizontal cracking near the base. This type of failure mode is attributed to the relatively low levels of the axial load applied and the moderate slenderness of the specimens. The response of all specimens symmetrically strengthened with one layer of textile (regardless of binder used) was found to be identical in terms of damage progression and failure mode: following extensive toe damage fairly symmetrical in both the push and pull directions), tensile fracture of the textile took place (at the furthermost tensioned side of the specimen) just above the walls' base; this led to complete crushing of the toe brickwork under compression and to the local buckling of the textile at this point (Fig. 4.2c) , which in turn resulted in substantial load reduction. During loading of TRM-strengthened walls a pattern of evenly spaced horizontal fine cracks was formed in the vicinity of the base. The higher axial load, in walls with single-layer resin-based jackets, gave a marginally higher strength and an insignificant increase in deformability, whereas in their TRM counterparts the strength increase was substantially more pronounced at a slight expense of deformability. Compared to their resin-impregnated counterparts, mortar-impregnated single-layer jackets resulted in lower effectiveness in terms of strength but in higher effectiveness in terms of deformability. Specimens receiving double-layer overlays (regardless of the binder used) responded similarly and, compared to their singlelayer counterparts, they exhibited a stiffer behavior (after flexural cracking at the bed joints) in the absence of fiber rupture prior to toe crushing / jacket buckling. Compared to singlelayer jackets, the double-layer ones resulted in higher strength and slightly reduced deformability. Compared to their resin-impregnated counterparts, mortar-impregnated doublelayer jackets resulted in lower effectiveness in terms of strength but in higher effectiveness in terms of deformability. By comparison of the cumulative dissipated energies given in Table 1 for the fifth and the tenth displacement cycles (computed by summing up the area enclosed within the load versus piston displacement curves), it is concluded that the energy dissipation capacity of the TRMbased strengthening scheme is comparable to the one of the FRP-based. Control specimens of both type B and type C walls failed due to the development of a single flexural crack at midspan. A generally common response was observed for all strengthened type B walls: initially, brick/mortar debonding at the bed joints near the mid-span was observed followed by gradual cracking of the brick webs in the compression zones leading to a complete compressive crushing of the brickwork and to a simultaneous outward buckling of the unsupported jacket (Fig. 4d) . Type C walls strengthened with overlays of high rigidity (single-layer FRP and double-layer TRM) failed due to a compressive crushing of the bricks at mid-span, whereas the wall receiving a single TRM layer failed due to a debonding at the jacket-brickwork interface (Fig. 4e) . By comparison to their FRP counterparts, the TRM-strengthened walls of both B and C type, displayed a decrease in strength and a very large increase in deformability. 
CONCLUSIONS
Based on the response of medium-scale clay brick shear walls, beam-column type walls and beam type walls subjected to cyclic out-of-plane or in-plane loading, it is concluded that TRM overlays provide a substantial gain in strength and deformability. For the case of out-of-plane loading TRM overlays outperform their FRP counterparts on the basis of maximum load and displacement at failure, whereas if the failure mechanism involves tensile fracture of the textile reinforcement the effectiveness of TRM versus FRP is slightly reduced. For the case of in-plane loading, TRMs (compared with FRPs) result in a reduced effectiveness for strength, the magnitude of which depends on the type of loading and on the number of textile layers used. In terms of strength, TRM jackets are at least 65-70% as effective as FRP jackets with identical fiber configurations. In terms of deformability (being of crucial importance in seismic retrofitting of unreinforced masonry walls) TRM jacketing is much more effective than FRP. The increased effectiveness is about 15-30% in shear walls, 135% in beam-column type walls and 350% in beam type walls, on the basis of tests conducted in this study. Moreover, regardless of the matrix material (mortar versus resin), the strength generally increases with the number of layers and the axial load, at the expense of deformability. From the results obtained in this investigation the authors believe that TRM jacketing is an extremely promising solution for strengthening and seismic retrofitting of unreinforced masonry walls subjected to either out-of-plane or in-plane loading. Further study is needed in order to enhance the experimental database and to optimize the TRM-based strengthening system.
